


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 


DSpace Repository 


Theses and Dissertations 


1971 


1. Thesis and Dissertation Collection, all items 


Inductorless bandpass filter realization using 
the Riordan gyrator. 


Mollet, Robert Edward. 


Monterey, California ; Naval Postgraduate School 


http://hdl.handle.net/10945/15757 


Downloaded from NPS Archive: Calhoun 


DUDLEY 
KNOX 
LIBRARY 





http://www.nps.edu/library 


Calhoun is the Naval Postgraduate School's public access digital repository for 

research materials and institutional publications created by the NPS community. 

Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
appointed — and published — scholarty author. 


Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








United States 
Naval Postgraduate School 


INDUCTORLESS BANDPASS FILTER REALIZATION 
USING THE RIORDAN GYRATOR 


by 


Robert Edward Mollet 


Nee). Advisor: S. R. Parker 





September 1971 





Approved for public release; distribution unlimited. 


pu? T vemApuATE SCHOS 
AVAL I S DIR 9% 


OR » 





Inductorless Bandpass Filter Realization 


Using the Riordan Gyrator 


Dy 


Robert Edward Ion € 
Lieutenant, United States Navy 
pec mp Purdue University, 1966 


cubm ered in partial fulfillment ofithe 
requirements for the degree of 


MASTER OF SCIENCE IN ELECTRICAL ENGINEERING 


Fromsche 


NAVAL POSTGRADUATE SCHOOL 
September 1971 





ABSTRACT 


Since the gyrator was introduced over twenty years ago, 
a considerable number of Ber Oso bc MSc OE CI T Cua t 
have appeared in the technical literature. This thesis is 
confined to the study of only one of these, namely the 
Riordan gyrator circuit. The scope of the thesis is to ana- 
lyze the parameters of the Riordan gyrator and those of an 
inductor simulated using it, and to investigate the use of 
emulated inductors in electric filter networks. To illus- 
trate and support the theory surrounding the Riordan gyrator, 


an inductorless bandpass filter is designed, constructed, and 
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Tete RIORDAN GYRATOR 


INTRODUCTION 

Since the introduction of the gyrator in 1948 by Tellegen 
Ma profusion of information concerning the gyrator has 
come forth in the technical literature. A great many real- 
izations of the gyrator, including vacuum tube, transistor, 
and integrated circuit models, have appeared to date. Refer- 
ence [2] has consolidated a considerable amount of information 
on gvrators. 

The unique feature of the gyrator as a circuit element is 
fees violation of the reciprocal behavior found in normal 
MS E clemente. Tha circuit svmbol for the ideal gyrator 


»5 shown in Fig. 1.1. 


Figure 1.1. The Ideal Gyrator 





The impedance matrix associated with the ideal gyrator is 


[z] E M r 119 


where R is referred to as the gyration resistance. Note that 
the input and output impedance of this two-port are zero, and 
the transfer impedances are equal in magnitude but opposite 
in sign. It is the latter characteristic of the gyrator that 
distinguishes it by violating the reciprocity theorem. 

Since the input impedance Zi of a two-port network 


loaded by an impedance 2, is given by 


L 


LS Z15254/ (255*21]) ; (1.2) 


Rem tor an ideal gyrator, Eq. (1-2) becomes 


2 
= c A5 [3] 5 


Mmerefore if a capacitor C is connected across the output 
Beret Of an ideal gyrator, the input impedance is given by 


L5 SR^C , (leap 


which represents an inductor of value Race THUS a Gy Gacen 
loaded by a capacitor may be used to simulate an inductor. 
It is this feature of the gyrator which makes it an extremely 
valuable tool in the synthesis of inductorless LC filters, 
replacing relatively large physical inductors by high-Q, 
small-sized equivalent inductors. 

Eme of Ene Mose pronon oratore reu Eo seems co be 


that which was proposed by Riordan [3] in 1966. Instead of 





realizing a gyrator through the use of current sources as 
did many others, Rıordan used a pair of operational ampli- 


fiers operated in the differential mode. 


DERIVATION OF IMPEDANCE PARAMETERS 
The gyrator circuit proposed by Riordan is shown in Fig. 
IN Actually, the behavior of the circuit is essentially 
the same if the terminals 3-3' are taken as the output port 
and the resistor R, TE aed Polterminals 252º. however, 


only the first circuit will be investigated, as the two are 


meariy identical. 





Figure l.2. Oan e Ron. 


The following analysis of cua Stor errcurt 
assumes the operational amplifiers have infinite input im- 
pedances, zero output impedances, and finite gains. 

When a current Ij is injected into the input port with 


mie OQueput port open, the following equations result. 
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o ae 
E Zen (1-5) 
ipl 
1 + R.+R_ 
Jj a2 
V5 = V3 (1-6) 
Su 
PRI UM ES ALR,’ © (1-7) 
l + 
RQtR, 
V.-V V DA 
ML See E lee? 
B — R E R O A» 5 A-R (1-8) 
4 4 JT 
l + R_+R 
i y 
V = Va = Ve = Va — V3 
A.A A 
= o l] 2 7 1 B 
= Vi (A, AR poc (1-9) 
l] + l l l + l 1 
R]+R, R]+R, 
ja p 
o ` 
S" Ty =0 O A.A 
17 nn ieee 
ar 
2 1+A,Ry (R.+R,) 
E R,[1t+A,R,/(R +R.) ] (1-10) 
UE ns TEC P 
AjAjt(1l Aj) LEFA4R4 (R]+R,)] 
nm > ] = 
are TN 
: E 22, _ 2575 I+A,R)/(R\+R,) 1+A,Ry (Rj) +R.) 
2). ii 1,=0 o. AJA) 
2 1+A, Ry /(R,+R)) 
2 R,{-A,A,-A, tA, [1+A,R,/(RYtR,) 13} er 


Now when a 


with the input 


AJA, t (1-A,) [1+A] R]/(R]tR,)] 


current I, is injected into the output port 


port open, the following equations result. 


V = yV (1-12) 


l1 








MEM — 





12 


22 


Py Va AV, 


TENG IR / iR) RAR 
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22 


V.-I.R., = — I.R 
EEE 
SS 1+A,Ry (R.+R,) 2 3 


SA VS SAN + AV 


255 2 Do DE 
TOONE E a Dg R 
PIGET 
A, 1+A,R, R, +R,) Deum 
E 
A1 . l-A, 
1+A,R,/(R,+R,) A, 
Wa 
V4 s = Vyll-(A,-1) /A,) = A, 
ne 
A,A, 
—— —————— eet AN 
JE A, R/U RY tS) l 
E dj a m cm ae 
I, 1,=0 A] I l-A, 
[ER E 
l+A R} (R]+R,) A, 
o A R3 [14A] R]/(R]tR,)] 
E — 
A,A,+ (1 A,) [1+A,R,/(R,+R,) | 
E 2 2 = 
Ju 1,=0 AA, 


+ J-A 
CARIE TE 
1+A,R, (Rj +R, ) 2 
R,{[1+A,R,/(R,+R,) J 


A A yr 


12 


(oue 


(dea 


SIS 


(136) 


MI 


ETS) 


CIÓN 


(T 0p 





nt Ry = R, , the open-circuit impedance parameters 


become : 
EE o Su TT 
ll A,A,+(1-A,) (1+A, /2) A, A,+A,-2A,+2 
k E A,R, (1+A, /2) N A,R, (A}] +2) PET. 
7ORDAQGRGTAQ (A72) O RAIA, DAE] - 
le A,A,+(1 A») LEA. 2) A,A,tA, 2A, +2 . 
h ] R,[-A]JA,-A]+A, (1+A] /2)] E ~R, (A,A,+2A,-2A,) aa 
CE UAY ONU 7 CACACSA CORQ42 o8 E 
D A AFC A,) (1+A, 2) AJA tA] 2A,+2 
: E R$ (1+A,/2) E R4 (A, £2) (C 
7ORAEGCAQ QSA2) ^ AQAQEALC2AQE2 C i 
22 AjAst(1 A,) (1+A, 2) AJA tA] 2A,+2 


These results are in agreement with those of Antoniou (4) in 
his paper on the Riordan gyrator, with the exceptions of 
notational differences and an extra denominator term in his 
esmatiíone for the impedance parameters (the latter difference 


puxsubtedly attributed to his typist). Note that as the 


amplifier gains approach infinity, and if R3 = Ry = R , the 
impedance matrix becomes 
0 R 
[2] = ; (15-250 
a1 0 
zuıch is that of an ideal gyrator. 
om PEEP ELE lED ANALYSIS OP CAPACITIVERS LOADED GYRATOR 
‘If one assumes very. large amplifier gains, the open- 
Ene) t impedance matrix for the Riordan gyrator may be 
approximated by 
R¿/A, R4 
Leda = (1-26) 
a Bl 


ES 





Now if a capacitor C is connected across the gyrator output 


port, the input impedance is computed as follows. 


R 


=z > _ 4 
Z: (5) = 271 215251/ (254 * Z1) = 5 + R,R,/(R3/A,+1/sC) 
to eee quam 
2 2 3 
The amplifier gain is given by 
D = Agg o/ (Sto) : (1-28) 
where A5 is the DC open-loop gain and We isıthes3=db 
frequency. Therefore, 
1/A, (s) = (stw I /A,gW = alstw )/w_ (1-29) 


where a = L/A, 9 


re? eE O E E 
LE J-11 puc bbe 


Z.,(s) =a R; (Stu) /0 FRZR¿/ la Ro (Stw a) /0 + 1/8C] 


a Ry (stu )/u +SR R¿C/litasR¿C(stw_)/0) 


3 


2 
a R,(stu.)/u. + sR¿R¿C/(ltas R,.C/w tasR,C) 


(1-30) 
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m a 


lH 


l 2 ! 
a R,(jutuc) /u, Jo R;R,C/(1-ao R,C/w +jwaR C) 


3 


| jwRR4C(1-aw*R,C/u, - JwaR,C) 
yw ar, /0.+a Ry 1 AAA MIIIIIádá> EA 


2 2 2 
(l-aw R,C/w_) + (awR,C) 


joRjR,C (1-au^R,C/u -joaR4C) 
juaR,/uçta R, + 5 E 
11-2 30 R3C/w 


joaR,/u ta Ra 


2 2 
+ jo RjR,C(l-ao R4C/oc-joaR4C) (1*2ao R,C/W |) 


i ; 2 ! 
JwaR, /W, + a Ra + joR4R,C(l*au R4C/0. 7j 9aR4C) 





= jwR,R,C(1+awR,C/w +a/R Cw) 

+ auR,R,C (WR,C+1/wR,C) : (1-31) 
Now the input impedance is of the form 

Z; (ju) = Ae (2323) 
Therefore, 

E = RRC (1taw*R,C/w +a/R,Cu ) 

- RRA ORO! lice) 
Fog = AuR,R,C(WR,C+1/WR,C) (cud 
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Lo a _ a (wR,Ctl/wR,C) ox 
O DL ————————————————-- a(u 


2 
eq ltaw R.C/w ta/R,Cw_ 





„Ct1/wR,C) 


BD 


Inspection of Eg. (1-35), tche expression for the dissi- 
pation factor, reveals that the term in brackets has a minimum 
value of two when the quantity wR, C 19 Na 


Maximum Q-factor for the Riordan-derived inductor of one-half 


the amplifier gain. The inductor produced has a value very 
close to that from an ideal gyrator when R3 = R4 = R, the 
gyration resistance. However, a closer analysis of the 


Riordan circuit in the following section will reveal a sig- 
w n cantly different conclusion regarding the dissipation 


ESCtor. 


D: DERAILED ANALYSIS OF CAPACITIVELY LOADED GYRATOR 

A more precise analysis of the capacitively loaded gyra- 
tor must include the effects of capacitance from the inputs 
of the operational amplifiers to ground. These capacitances 
are represented by C4 and C, E IS ana ta ele e 
naturally-occurring capacitance associated with each opera- 
tional amplifier, plus an amount of capacitance inserted 


deliberately for Q-control arhe latter 1 coo MCI 


strated in the following analysis. 
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Figure o the Riordan Igiene 


In the following analysis, the operational amplifiers 
zero output 


are assumed to have infinite input impedances, 
impedances, and large but finite gains. 
AV: 


V = 
3 1+A, [(R,/5C,)/(R,+1/5C,)]/(R,+(R,/5C,) /(R,+1/5C,)) 


AV: 


1+A,[R,/(1tsR,C,)1/1R,+R,/(1t+sR,C)) ] 


AV. 
E (1-36) 
1+A]R]/IR]+R, (1+#sR,C,)] 
Vz A, (V; -V,) (1-37) 
D sC V, = (V,-V5)sc - (V4,-7V4) /R4 (1-38) 
(1-39) 


V, (SC) *sCt1/R.) = SCV, + V4/R4 


TT) 





< 
N 


> (SCV¡+V3/R3)/[s(C+C,)+1/R,] (1-40) 


V. = AV. - (sCV *V, /R4) / IS(CtC5) €1/R4] 


i 


SCV) +(A,V,/R3) /{1+A,R,/([R] +R, (1+sR,C,) J} 


ES Ec 
PE SL S (C+C, ) + 1 R3 
(1-41) 
V,{1+sca,/[s(C+C,)+1/R,]} 
EE a a T 
2 S (C+C, ) + 1/R, 
ae oe ar o 
h 2 s (C+C,) + 1/R4 


Ls ML ou ee - — e —— À—,"o€——B! — 00 S m 22 a dll mom ime 
et TE fm t 
VEN 


i ae eu 4 no 1 Ny ^ 7 £ VA n 
wef ta t ML / ` ay iv j 
D 2 3 


Doe sae Ey Er el ren ale 


S (C+C, ) + I/R, + SCA, 


A,V,isR,(C+C,) +1 - A, [R, +R, (1+sR,C))] 
R, (1+A,) +R, (1+sR, Cy) 


" ME (1-43) 
l SR,[C(1+A,) + C. ] 


RE 





Z. (s) 


A, [R|+R, (1t+sR,C,)] 


= + = 
1 Atl = 2) R,(1+A,)+R (1+SR 


(ee 
S > 1 7) 


I+sR, [C(1+A,)+C,] 





E Re 


1+sR [C(1+A,) +C 


3 2) 


“A, {1+sR, (C+C,) -A, [R| +R, (1+5R,C)) ] 


Rj (14A,) +R, (1tskR,C,) 


B ce LM 


1-A.+sSR., [C+C. (1-A) J+ AA, [R] +R (l+sR,C,)] 


2 3 2 2 


} 
R, (1+A,) +R, (1+sR,C,) 


R,{1+sR 
[R- (1+A 


3[€ (1*A5) €C4] } TR, (14A,)+R, (1+sR,C,)] 


RS E 1-A,+SRy [C+C, Ins ] 


i 


+A, A 


1 7 [R¡ FR, (1+sR, C,)] 


R,{1/A,+sR C(1+1/A,)+C,/A,]}[R,+1/A)) 


3 | 
+(R,/A,) (1+sR)C)) ] 


EO m T SUELE EE UC ONES A 
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= RAN (s) /D(s) (1-44) 


Now the amplifier gains are given by 
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A A w / (stu) (1-45) 


l 10 


and 


> 
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Aso o / (Stu) ; (1-46) 
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therefore 


1/A 


(1/A,,) (1+s/w,) = a, (1+s/w_) (1-47) 
and 


1/A, = (1/A, y) (1+s/w a) = a, (1+s/0,) : (1-48) 


Since a««1, second order terms in a will be neglected. Also 


B scc. 


assume that Ci: 2 
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Now let Ry = R, and aj = a, = a. The principal equations 


then become 


os = RjR,C[I + 4a + (aw/w) (WR,C + 1/wR,C) | (1-64) 


E = wWR.R,CIW(R]C, — R,C,) + a(wR,C +1/0R3C) — 4aw/w ) 
INI ID) 


D = w (R C} = R,C,) + a(wR,C 4 1/wR,C) - daw/w .. (1-66) 


These expressions are in agreement with those found by 
Orchard and Sheahan [5] in a similar analysis of the Riordan 
gyrator. The equivalent inductor produced is almost iden- 
tical to that found in the simplified analysis in the preced- 
ing section. However, a startling difference appears in the 
expression for the dissipation factor. Note that the last 
Ean in BO. 11-009) «5 negacivo. Assume fer the mament Liar 
the capacitances Ci and C, are at their naturally occurring 
wiles of a few picofarads, and that R,-R,. Also assume that 


A AS: 
pe product WRC is somewhere near unity. If internally 
compensated operational amplifiers are used to construct the 
gyrator, then in general, 220. euo cC e Emacs 
e iese amplifiers is only a few Hertz. This means that the 
last term in Eq. (1-66) is dominant, and the net dissipation 
factor will be negative!‘ 

To correct for this possibly unstable condition, it may 
become necessary to augment Ci wiede onal Capacitance 


to force the dissipation factor to become positive. The 


Slonificance of the foregoing analysis is that inductances 
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of almost unlimited value may be realized with extremely 
Bar OD factors using the Riordan gyrator. The analysis also 
shows that the parameters of an inductor simulated using the 
Pendan gyrator do not depend, as is the case with several 
pum gyrator circuits, upon exact cancellation of terms to 
form the proper impedance matrix, i.e., the Riordan gyrator 
B 2 mot suffer from sensitivity problems. An "inductorless" 
LC filter constructed using the Riordan gyrator to simulate 
the inductors would then have a sensitivity comparable to a 
normal LC filter. This characteristic of the Riordan is ex- 


meme ly significant with regard to active filter design. 


E. REALIZATION OF AN UNGROUNDED INDUCTOR 

co this point in the analysis, only the realization of 
an inductor with one terminal grounded has been discussed. 
Obviously, a circuit designer would be hard pressed to work only 
with grounded inductors, therefore the problem of realizing 
an ungrounded or "floating" inductor must be analyzed. 

One method of obtaining a floating inductor is to place a 
capacitor in shunt between two gyrators as shown in Fig. 1.4. 
Assuming the gyrators to be lossless, the chain matrix for 
the two-port formed by the two gyrators and the capacitor is 


given by 


A B E -R3 i -SR4C TR, n -R3] 
laa, -l/R', Zl/R, 0 -1/R, | 


E 


0 R3/R4 


ao 
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= 
— 
«Uh. 
C 
lure 1.4. Circuit to Produce a Floating Inductor 


RS admittance matrix for the circuit is then 
Yui Y12] ID/B C-AD/B so 


229 b. E A/B -l/SRjR$C 


(1-68) 


The admittance matrix for a single floating inductor is 


PII o rol _ 1/sL Bu 


Yaı Yo -1/sL 1/sL| 


(21:599 


To equate this result to that obtained by combining two 


gyrators and a capacitor, the following conditions must 


Mola: 
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and 

R3 = Ra (1-72) 
must be satisfied to present a single floating inductor. 
EBDexwise, parasitic inductances to ground will be present. 
This high degree of sensitivity to component tolerance is 
entirely unsatisfactory, so other means of producing a 
we cıng inductor must be sougnt. 

Riordan [3] himself suggested a circuit based upon his 
emi ginal gyrator circuit which would realize a floating in- 
Meor. However, he admitted that this circuit too suffered 
from sensitivity problems which could result in a parasitic 
BaNCctance to ground. 

Several other gyrator circuits have been proposed in an 
attempt to solve tne rioacing inauctor pronuicim, jwL (hey ali 
Seem to suffer from low Q, parasitics to ground, or other 
problems due to the requirement for exact component selection. 
Perhaps, then, an advisable approach to the problem of real- 
wg a floating inductor might be to realize it as part of 


some total configuration rather than as a single element. 


F. REALIZATION OF AN INDUCTIVE PI NETWORK 

Orchard and Sheahan [5] discussed a circuit based upon 
an idea by Gorski-Popiel [6] which transforms a pi of resist- 
ance into a pi of inductances. The circuit consists of two 
Riordan gyrators placed back-to-back with an additional 


Series resistance between them as shown in Fig. 1.5. 


DI 








wure 1.5. The "Dual" Riordan Gyrator 


lue simplify the anakvsis of the circuit, ideal amplifiers 
E M 5sumed, l.e., having infinite gains, infinite input im- 
pedances, and zero output impedances. Also, the Q-adjusting 
eapacitors are omitted; however, the effect of these would be 
as before. To work on the entire circuit simultaneously would 
result in rather cumbersome equations, therefore it is ad- 
vantageous to solve the circuit piecemeal, namely by dividing 
it into three parts consisting of the left-hand gyrator, the 
series resistor Res and the right-hand gyrator. The chain 
NU ces for ET: these three sections may be found easily, 
poen the chain matrix for the entire circuit may be obtained 
by multiplying the three chain matrices together. 

First, consider the left-hand gyrator. When I4 = 0: 


2 


Ve = V,(1+R,/R,) (1-73) 
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A A 
NI RC) 


V, (1-R,/SR,R,C) (1-74) 


(Vi-V4) /R, - (V4/ RA) [17 (L7 R)/SR4R4C) ] 


V1 (R/SR,RjR,C) SN 


V- [R]/(R]+R,)] = V4 [Rí/ GR, 385) ] (15 Rj7R4) Z 


1 
(1-76) 
V 
i = = 
n I EET ey) 
2 
zo 
grip ML VIDE (1-78) 
2 2 
V5 E 
AV, (1-79) 
V1 (1t L/SR4C) - V. (1/SR4C) 
V, (1+1/sR,C) - AV. (1/sR,C) — “AV, /SR,C (1-80) 
V¿/R, = AV /R, (1-81) 
(V,-V3)/R, = (V]/R,) (L+A/SR,C) = AV,/sR,R,C 
(1-82) 

ie 

riv. = 48 = Rj/A = Q (l-83) 
= 

rv: o ME (1-84) 
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Now consider the resistor Re. 


a 
A = | Es = 1 (L 35) 
2 Vi 11-0 
t 
Ba = EA = ip! (1-86) 
2 1 V,=0 5 
t 
T 
D, = 2) = l (1-88) 
l 1 


Finally consider the/right handigyrr tor EN E ED Eus 
notational differences, it is the same as the left-hand gyr- 
Emer turned around. Its chain matrix, therefore, is the 
inverse of the chain matrix of the left-hand gyrator, except 
that primed variabies are substituted tor the unprimed vari- 


ables as follows: 


t t i t Dp! 

E El. zen E i PS 

E A'D'-B!c' Eid 

Cs Da Ex Dz Il, del C4 Ay 
RI /SRAiR!C' 0 


2 3 4 


(SR2R4C'/R2) 


t t t t t 
RA ek ey Cue 


" | | (1-89) 
t t t t t 
1/R, Sh C /R3 
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Therefore, the chain matrix for the entire circuit is 


given by 


A B i 0 


E 
I 
I— 
© 


C Dj |R;/SR;R,R,C Rj/sR;R,C| O 1 1/R» GRIRICU/R! 


R,/sR, R¿R¿C (R,/SR¿R¿C) (1+R¿/R,) 1/R, SRSR,C'/R, 


+ Jet 1 f 1 1 
1+R,/R S RR, R.C/R) 


(R4 /SRRjR,C) [1t (R, RC) /R1] ER Sr rie 


„RaR, FR¿)/R RA RE REG 


jl l 2 34 


(12309 


It will be shown that the effect of an imbalance between 
the two gyrators, namely a dirterence petween une quantilcies 
RAR;C'/R3 and R,R,C/R, will result in the introduction of an 
ideal transformer of near unity voltage ratio in cascade with 
the resulting inductive pi network. Consider the circuit in 
EG. The chain matrix for the entire circuit is ob- 


Reed by multiplying the chain matrix for the inductive pi 


Nm ork with that of the ideal transformer. 





t 
E Do E 
I Le y A a a 
EE aT 1141 /7——5€ e Mn, 
F + lo © 4 T 
© 
t 
Vi : Vs Vo 
L, | 
A A 
Figure 1.6. Inductive Pi in Cascade with Ideal Transformer 
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D 


For the inductive pi network: 


V 
cx 1 = ' = ' £ 
a a (1-91) 
at 
= — = = = 
3 “| V5 OF ELE (1=92) 
2 
=) 
ern = t 1 — i t 
C, rl rs <9 1/sL; [L,/(L, +L+13)) DL en 
(1-93) 
l,- 
DE I1 vi-0 UAE NM REIR e (1-94) 
For the ideal transformer: 
YO 
A (1-95) 
2 V 1,=0 
b. A i. ae o Ur -9n1 
DEMO 
L 
EL RE =0 7 0 iui 
DEN? 
l 
Do E E -0 02. FA 
2 
Wucrertore tor the entire Circuit: 
B 1+L¿/L3 SL. l/a 0 
| t i 
A a a LtL./L] 0 a 
l 
(l*L./L1)/a sL¿/a 
(L,t*L-tL1/asLiLi a(1+L./L,) E 
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Equating the elements of this chain matrix to those of 


the "Aual-Riordan" circuit's chain matrix yields 


(1+L,/L3)/a = I+FR_/R] LUND 
L¿/a = R9R4R5C /R5 lo AB) 
(L,+L¿+L,)/aL,L, = R, [1+(R, +R¿) /Rj]]/R,R3¿R¿C qo 
all+L./L,) = Ry RRC! (R,*R.) /R4RjRjR,C : LED 
Solution of Has. (1-100) through i03) for Li, Lt, 
Le, and a yields 
a= (R$R,R,C/R,R$R4C!) 1/2 (1-104) 
Ly — R, RR íC/R, [Lt R4 (17a) /RE] ( 1-105} 
L} = RIR,R,C/R, latR} (a-1) /R.] (12205) 
Le = RAK AR C/K, vo, 


Now if a is reasonably close to unity, to a good approxi- 


mation, the following equations are valid: 


Ly = AR, [1-R, (1-a) /R, | (1-109) 
Lj = AR, [1-R (a-1) /aR, J /a (1-110) 
= -] 11 
Lc AR, (1 ) 
where A = RR, C/R, 


For the ideal case where R,R,C/R, = RSRJC'/RS dw 


fmt, che transformation in Fig. L.7zresules. 
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For precision (1% tolerance) comnonents, tha ahava renra- 
sentation of the gyrator-produced inductive pi network is 
sufficiently close to reality to use as a building block in 
electrical filter design. In the following chapter, it will 
be shown how this building block is best utilized in elec- 


atea filters. 
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II. IMPEDANCE TRANSFORMATION 


A. INTRODUCTION 


928, .E. EL. Norton [7] introdmes el an iimpe dance Eranes 
forming technique which enables simultaneous transformation 
of impedance level and desired filtering in an electrical 
Beier circuit. Reference [8] contains a good discussion of 
Memeon s technique. 

Basically, Norton's transformer filter sections are the 
equivalent of a normal filter section in cascade with an 
ideal transformer. Thus the attenuation and phase character- 


istics of the original filter section are retained, while the 


+ 
S ES — q JE nn m am m San nn o at pe | m o m A a m ~ Sn en _ a — mão Figo q — "XS 1 
Py RA 1 ho aim E as dat do Wer d da Cd o A] ap Ml | wur u ee he a Nuno ca N a ee 


the basis for Norton's technique xs the pair of eguivas 


iemees shown in Figs. 2.1 and 2.2. 





Bisgure 2.1. Tee Equivalente rre 
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Lo ita 
Ome AA 
MES 
(a) 


= 


Figure 2.2. Pi Equivalente coreto 


Remsider only the pair of circuits in Fig. 2.2 for a moment. 
ENEUuce tne cwo circurcs ame DIVE eE GT) of equal 


loads across the output port of each circuit will not affect 


the equivalence, as shown in Fig. 2.3. 





hiqure 2-3: "Loaded Pi Pouival mE r Reni: 
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em cransformer in Fig. 2.3(a) may be moved to the right of 
Zr changing the value of Zr but leaving Zs and ZA undis- 


purbed, as shown in Fig. 2.4. 








Figure 2.4. Effect (Of Snir cing raS onen 


— q 


„un? GA 2) 


EN ^ orm Am xt A rne. zc es SERES a UA de 
che kn bh da W dA Y Ar NA ww tly ake ir y , hr des m. e Mu NA ue Nam 


Elyown in Fig. 2.5. 





Figure 2.5.. Effect Of (Removing Leas series 
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The sequence of circuits in Fig. 2.6 indicates how the 


Norton procedure may be used to modify the form of a circuit. 





Figure 2.6. Serieszio Py’Pronsrormervon: 


Er PPLICATION TO INDUCTORLESS FILTERS 

As previously stated, there presently exists no entirely 
satısfactory way to simulate a single floating inductor. The 
Riordan gyrator may be used to simulate either a grounded 
inductor or a pi network of inductors. Therefore when syn- 


thesizing an inductorless filter using the Riordan circuits, 
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it is necessary to ensure that all of the inductors in the 
filter to be. constructed appear either as single grounded 
EusUuctors or in the pi configuration. 

mea Series inductor appears in thesoriginol Cicero 
ECO be constructed, it must then be replaced by the 


inductive pi network as indicated in Fig. 2.7. 


Se 
i Xo 







PS 
Nw 


| 


Figure 2.7. Replacement of Series Inductor. 


Note that one of the shunt inductors in the pi network will 
be negative. This means that to obtain a physically realiz- 
able circuit, the negative inductor must combine with a 


festive inductor from the rest of the circuit to produce a 
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n lxvalue which is positive. Thus if a> l, L, will be 


negative, and the first element in 25 must be a shunt in- 


ductor whose value is less than the magnitude of L Con] 


2! 
wemesely, if a < l, Lj will be negative, and the last element 
en 27 must be a shunt inductor whose value is less than the 


magnitude of Lj. 
C. BANDPASS FILTER TRANSFORMATION 
The basic bandpass filter structure is as shown in Fig. 


2.8, and consists of parallel-resonant LC circuits to ground, 


esmmected by serles-resonant LC circuits. 


An d fri E n 
Li 
EM i 


Figure 2.8. Basile BandosgSsm pss qc e 


To realize this circuit as an inductorless filter using the 
Riordan gyrator, it 1S necessary to replace all series 


inductors L, y Lyr see La. by their pi equivalent circuits. 
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Recall that when operating on a series inductance in a 
network, the input impedance remains constant, while the out- 
put impedance is changed. Therefore, for a filter circuit 
with equal terminations, in order to maintain the same trans- 
Hurcharacteristics, it is necessary to bisect the filter 
erreust at the point of symmetry, then perform identical 
er rations on each half in symmetrical fashion, i.e., by 
Santing at the input and output ports of the filter and work- 
mre toward the bisection point. As a result of this procedure, 
the new impedances looking into the two halves back toward the 
source and load, respectively, may have changed from their 
Original values, but will still be equal, thus preserving the 
Srginal filter characteristics. 


es urn ER RS R . » º = m N T ma 1 
> PS Er ate Kar.) oo m nn og = Co ERG wet, fo] Jaw) ee 


-F o da —=a 


b= 


example. 
Example 1. 

It is desired to construct the bandpass filter shown in 
ERG 2.9 using the Riordan gyrator to simulate all inductors: 
For component standardization purposes, it is desired to make 
aS Many inductors and capacitors as possible have the same 
Value. The circuit must first be made symmetrical so that 


3 


equal parts. After biseetion,. cherhale: ciclo emcee 


it can be bisected. This is done by splitting C, and L, into 


2.10 results. Now the series inductor Lo is transformed into 
a pi network, with the negative shunt inductor placed in 


parallel with L, as shown in Fig. 2.1l. 


I 
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Figure 2.9. Conventional Bandpass Filter. 





Figure 10. Half of Brsected Elia 
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Ire 2.11. Half-Circuit After First Transformation. 


Solving for a so that the new inductances L! and L! are 


1 1 

equal: 
L, laL,/(a-D1/[L, + aL,/(a-1)] = a“L,/(l-a) (2-1) 
aL,L,/[L, (a-1) + aL,] = a“L,/ (1-a) (cs 
ala(L, * Lj) - Lj] » (l-a)L, (228) 


b 1/2 N 
a = [L,/(L, + Lo) ] ; (2-4) 


Now the series capacitance ep is transformed into a capaci- 


tive pi network, with the negative shunt capacitor placed in 


parallel with C3 as Shown din prc wu 
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Brause 2.12. 


Half-Cireul te After Second Tuanstoumation. 
Solving for b so that the new capacitances Ci" 


eet oN. An 


and C will 
C3(b-1) /b = 2[C3(1-b) /b* + Ch /b*] (2-5) 
C, Íb (b-1) -2 (l-b) ] = 2C3 (2-6) 
2 en O _ 
b +b - (2 + 03/05) = 0 (D 
b = Q/2)11:4Q*c3/0 17? - 1/2 


Da ee 20 06. 17 = 22 


(2-8) 
ms the final transformed half-circuit is as shown in 
IM 2.13. 
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Piguve.s 2.13. Fulverfranstermedtlalsi-cirenit. 


The element values for the circuit of Fig. 2.13 are given by 


CR - C1 (2-9) 
Las a“L,/(1-a) = IAS - PA (2-10) 
" a 1992 E 
hg 7 aL, = L,[L,/(L,+L,)] (2-11) 
a = c 7245 O26 (IFL ao DE p A j, 1/221] (2-12) 

B 2 2 2 ^ mal E 

ME lc ab 

C 2 
E 1/2088 17220 
= a gee re ee | 31/[(9+2C,/C,) 1] 

(2-13) 

Be)? o AZ 

le = a b La = (L,13/4(L,+L,)1(9+2C3/C,) 1] (2-14) 


After recombining the two half-circuits, the transformed 


bandpass filter thus produced is as shown in Fig. 2.14. 
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Figure 2.14. Transformed Bandpass Filter. 


The transformed circuit contains two inductive pi networks 


e 
and a mın „In wweniainaan sm dia at ar ann tharna Earn rare] ene eI 
wt m. ur Ep Zum m ma‘ — — a wi une a~ y e A ACA E ae = p + 


EUG Riordan gyrators and one "single" Riordan gyrator. 


D. SUMMARY 

It is worthwhile to note that in the process of imped- 
ance transformation, the total number of elements in a filter 
circuit may increase significantly. However, this is the 
Ae which must be paid in order to arrive at a circuit 
Suitable for simulation of the T eA. In low-frequency 
circuits, though, the savings in the: size of a filter due to: 
elimination of large bulky inductors should more than com- 


ermecte for the addition of a few capacitors. 
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III. CONSTRUCTION OF AN INDUCTORLESS BANDPASS FILTER 


A.  IMAGE-PARAMETER FILTER STRUCTURES 
RO Introduction 

Chapter II indicated how a conventional bandpass 
Alter structure, as might be used to construct a Butterworth 
or Tchebycheff filter, may be altered to a form suitable for 
Simulation using Riordan gyrator circuits. Some filter struc- 
pares do exist, Heus. which lend themselves to direct 
application of the Riordan circuits. 

The ITT Handbook [9] contains a good deal of informa- 
tion concerning image-parameter filters. — image- 
parameter filters are based in general upon physically 
unrealizable terminations, this classic filter type has to a 
large extent fallen by the wayside in recent years. Never- 
theless, certain of the image~parameter filters do work quite 
well, and of these, several types of filter sections lend 
themselves very easily to construction using the Riordan 
gyrator circuits. Two of the bandpass filter sections in 
Ref. [9] were chosen for investigation and subsequent use in 
constructing an inductorless bandpass filter. 

2. The Three-Element Shunt I Bandpass Filter Section - 

The three-element shunt I bandpass filter section iS 


Shown in Fig. 3.1. 
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Riqure Sol. SE lement Shunt nap ass elos cto 


Element values for the filter section are given by: 


s / 


hj = o mg i/X LN iG w] E Rew (Ly) fo) (971) 

ne re oe (3-2) 
p DEALS] SE 2E it 1 

C, = L/R(o, -01) = 1/27R(f5-fi) f (3-3) 


where R is the terminating resistance (both source and load), 


f, is the upper cutoff frequency, f, is the lower cutoff 


1l 
frequency, f = mi is the center frequency, and 
m = f1/f5. 
3. The Three-Element Shunt II Bandpass Filter Section 


The three-element shunt II bandpass filter section is 


ENS in Fig. 3.2. 


3% 








eure 3.2. 3-Element Shunt Il Bandpass Filter Section 


Element values for this filter section are given by: 


2 


Cj 7 (L6m) (9470,)/ Ro (17m) = (£,tf5)/2mnf.f. (3-4) 
2 
' q e= <a u an 
L, = R(w, 0731/00 R(£, £,)1/21£,£, ; Mo 


where the quantities R, f, flr f! and m are as defined in 
the previous section. 
a. Combination of Filteicctjoms For Inductor Simulation 
Two three-element shunt I sections may be combined to 
Bonn à pl section as Shown in Fig. 3.3. This pi section is 
suitable for simulation of all the inductances using the 
Rea! BRiordan gyrator circuit to produce the inductive pi 


network. 
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Two three-element shunt II sections may be combined 


I. m um o eo eas — -— = mo y m~ A > SAT e ID ro le, zi eee mee ey un "ES ^ A 
te e hm he on [cc A o Lo À Sis WA e warns Wad SLE - + de Je“ > 





biqure 3.4, Zement ie ren 


54 








Bach Of the grounded inductors in this pi section may be 
Simulated using a single Riordan gyrator. 

A composite bandpass filter could then be constructed 
by combining a number of the pi sections shown in Figs. 3.3 
and 3.4, depending on the amount of attenuation desired out- 
Side the passband. Of course, the total number of components 
(and hence the number of gyrators) required for a composite 
filter is less than the sum of the components in the indi- 
vidual filter sections due to series and parallel combination 
mi components. To illustrate the process of building a 


composite filter, Fig. 3.5 shows how two shunt I pi sections 


a el, 
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and one shunt II pi section can be combined to form a 
composite bandpass filter. The filter shown in Fig. 3.5 is 
che proper form for inductance simulation, and could be 
constructed using two "dual" Riordan gyrator circuits to simu- 


late the two inductive pi networks. 


bee EXPERIMENTAL DESIGN AND CONSTRUCTION OF THE FILTER, 
l. Design Criteria 
It was decided to construct a low-frequency bandpass 
filter such as might be used with a teletype terminal set. 
The two image-parameter filter sections discussed in the 
previous section were chosen as the basic filter building 
blocks. The specifications for the filter were as follows: 


a. Use two shunt II pi sections and one shunt I pi 


SECTLUI. 


O” 
th 
N 


700 Hz 


Q 
Hh 
N 


629 HZ; t = 775 Hz 
d. Use equal source and load resistances 
(R = R, = R= 10 K8). 
e. Standardize component values wherever possible. 
2. Prototype Experimental Circuit 
The three pi sections were connected as shown in 
En. 3.6. 
8%. ~- Calculation of Conponcent Values mror Prototype Circuit 


Component values for the shunt I pi section in 


Hg. 3.6 (a) are as follows: 
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Pigure 3.6. Prototype Bandpass Filter Circuit 


2L, = 2R/27(£)tf,) = 10, DE SEIEN ca Ben 
2.4 Xm wt 

L, = R(£,-£,)/21£, = 10%(775-625) /20(625)% = .61116 H (3-8) 

C, = 1/27R(£,-£)) = a se al ur. Bean 

Component values for the shunt II pi sections in Fig. 3.6(a) 


are as follows: 
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C1/2=(21/2) (£,+£,)/21Rf£, £, SOI A E 


O 
t = pue — 4 = 
ee 7/2 0RL,(£,-£,) 2 62572«x10 x775 (775-625) 
= .085567 uF 
BM — _ Es 4 E 
MERE -f )/21f f, = 10 (775-625)/21x775x625 


= .49287 H 


Component values for the combined circuit as shown in 


3.6(b) are las follows: 


RR D - .49287 H 
a 2 


US DAA E 


= t 
COE C 


C, = C, tC = 200.107 72.085560 75 Sa UF 


T EE A: A ROS AGT27+ 
Ph De) = ee E $ 
= 227284 H 
NEN n. — 2.2736 H 
C il: 
= ' = 
Co C,/2 2023002002 


SO) 


Cel qe 


(3-12) 


pags 


le 


(3-14) 


ES 


(3-16) 


(3-17) 


(3-18) 


“4.º: -Impedance Transformation to Equalize Capacitance 


Values f 


In order to make the capacitances in the shunt arm 


of each of the two capacitive.pi networks equal, the filter 


circuit was bisected in the middle of La and then the imped- 


ance transformation process was carried out as indicated in 


Peg. 3.7. 
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earenmlatcsons for the transformation are as follows: 





asl, qm le 
re I = cd + 2 (3-19) 
a a a 
c+ 
EC. = > (3-20) 
a 
1/2 1/2 
"c -b|. |.02300+.19167 |_, 0) nn 
C*c | |.02300+.085567|) 7 ' 


Therefore the component values for the transformed circuit 


in Fig. 3.7(b) are as follows: 


L, = L, = .49287 H A) 
a-1 1.4062-1.0 
= —— = 2 pott ea ee ae 
Ca = C, + C (24) = .085567 + „02300 (402259) 
= .092210 uF ea 
DR =. o A (3-24) 
SENEC en A Os 
CA (L. 4IL 
2 2 
L, - a°L, = (1.4062)%x.27284 = .53949 H Gar 
1/2 = a1 /2 = E (o ase ena e) 
c 


a 


Dheernmalvzerireuie vhiehewasscoanseructked 15 as ¿shown 


ın Fig. 3.8. Capacitances are in uF and inductances in 
ewmnryS . 


5. Calculation of Gyrator Parameters 
One Riordan o racor reni a e howmnaın Fig) 3.9 was 
used to simulate each of the inductors Ly, L,. The 741 


operational amplifiers used had a DC gain of over 100 cB and 


a cutoff frequency E oE op Oe Mately 10 Hz. All of the 
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Figure 3.8. Final Form of Bandpass Filter Circuit 







Ra pe 
UTR 


Figure 3294 Riordan r a CO UI 


61 





resistors in the gyrator were made equal at 10 KR. Other 


values are as computed below. 


= E u q 
Ds R,RQR,C/R, = O (3-27) 
u 2 4 A e 
C = L,/R = AD AO OO OS INS (3-28) 
D = o (R4 C4-R4C,) 4 a (wR C+1/wR,C) - 4aw/w 
= wR(C,-C,) + a(wRC+1/wRC) - 4af/fc 20 (3-29) 
Eee! _ 
CC, = ogl4aft/£f. a(wRC+1/wRC) } 
= — 1, [4x10 ?x700/10 
20500590 
-5 4 -9 
-10 (273270027900 25210 
FE] 
Deuce MAT 
= 63 pF (3-30) 


One "dual" Riordan gyrator circuit as shown in Fig. 3.10 


was used to simulate the inductive pi network consisting of 


L5, 


ane mE 


E 5 
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Eure 3L. “Dual” Riordan Gyrator Circuit 


Acain. all resistors in the avrator were made equal at 10':K(. 


Also, the primed capacitors were made equal to the unprimed 


capacitance values. Other values are as computed below. 
— — is — 
L, = L} = R R3R4C/R, = Rac (3-31) 
DE dd. sm 
C = Lj/R = .53949/(10 ) NOD OS oe UE (39532) 
L. = R3 R4 Rs C/R, = RR, C (3-33) 
R, = L¿/RC = 4.4956/10* x 5.39x10 ^ — 82.5 KQ (3-34) 
D = o (R, C4 -R4C4] ta (oR4Ct L/oR4,C) -4ao/0.. 
= wR(C,-C,) ta (wRCtl/wRC) -4a£/£ . = 40 (3-35) 
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: 1l 
C17€5 = oR 4at/t | = a(wRCt+1/wRC) J 
ee ae PA C 
WR C 
Lo = A SS 
E CE A [4x 7007/10 = (27270021707 252393210 
ARO O 
il 
t Se u o 
24700510 es SO x O 
= 63 pF 
(32:96) 
Se Experimental Setup and Measurement Technigues 
All components used to construct the filter were with- 
in 1$ tolerance of computed values. Nevertheless, to obtain 


No Noropexerrequency response from the filter sat was neces— 


sary to tune the filter. This was accomplished by making the 


MEN owe eet oe a sera 
A. DD and À LAS À u e 


t — a * s MC LM eq T uS E O qts A A Fee oa 
Tesıistuf i tl Ea Uy Lama al cin Maio ws LS 


Ch 


and a small trimmer potentiometer. Each of the four parallel 
resonant LC circuits was then decoupled temporarily from the 
rest of the circuit and tuned to its proper resonant frequency 
as determined from the previously computed values of L and C 
Ber the exact circuit. 

After tuning each tank circuit, the filter was then 
reassembled, and the setup shown in Fig. 3.1] was used to 


make frequency response measurements on the circuit. 
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Frgure 3: LI Test Setup 


T; Experimenta! Data 


a. Saturation Level 
As the input from the signal generator was in- 


creased at midband frequency, the input and output of the 


Mer were monitored for indications of saturation. The 
filter appeared to start into saturation at Vi 2:12:99 lte 
rms. This corresponds to a maximum input power of 
p /R_=(2.83)%/10%=.8 mW=-1.0 dBm ES) 
max Ymax i | . 
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b. DC Power Consumption 
Each of the operational amplifiers required a 


positive and a negative power supply voltage of V__=+18 V. 


De 


me power supply current I was then measured for full- 


DC 


Head (input at Saturation level) and no-load (zero filter 


EDU) conditions, with results as follows: ; 


i For Vee = p = 2.83 V rms: 
Inc = 16.9 mA 
Poc = loo = 2x18x.0169 = 608 mW. (3238) 
PR Por N = 0: 
Inc = 16.2 mA 
Pan = 2V, In. = 2x18x.0162 = 584 mW. (3-39) 
c. Frequency Response 


The signal generator which was used as the filter 
input source had an output impedance of 50 ohms, which, in 
series with the 10 Kohm resistor Rye presented a very close 
match to the 10 Kohm load resistor Rr. The effective repre- 
sentation of the signal generator in the test circuit is shown 
erg, 3.12. 


Now the unsertionaloss ora lceras defined 


as 
iy LO Wes Ce) : (3-40) 


where pe is the output power at the load before filter 


b 
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Blgure 3.1222 Teseserrcure 


tmsertion, and P _ 
v Ck 


is the output power at the load after 


estor insertion. From Eq. (3-40) 2t follows that 


E 
| 


ap 7^ 10 log[ (V Z/R V (V, A/R,)] 7 10 log (V 2/V 2) 


20 log US = 20 A 


il 


20 logi [Rp / (RzL *R,)]/ (V. /Vi) = 20 log[1/(2V _/V;)] 


lu 


20 log (V./2V .). (3-41) 


The input voltage Vi was kept constant at two volts through- 
out all frequency response measurements, therefore Eq. (3-41) 


becomes 


ye ea) OCUPA DM! bes (3-42) 
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Frequency response measurements were taken with the 
g rator O-adjusting capacitors C4 and C, at three different 


2 Cut Ge ora Co RO 


sets of values: 1 2 


Cj = Um C, = 33 pF. Under the first set of conditions, 
with C4 near the theoretically required value of 63 pF, the 
maximum value of output in the passband was only 90$ of the 
expected value, representing a loss of about one dB. This 
was probably attributed somewhat to losses in the capacitors, 
bie mone probably to slight variations imithe filter cons 
ponent values and/or a slight mismatch between source and 
load impedances. Under the second set of conditions, with 
both C, and C zero, the maximum output in the passband ap- 
proache” 972% of the expected value, and under the third set 
@rseonditionszewith C, ac zero ana C. (tHe Osbeosting capaes 


l 2 


itor) at 33 pF, the maximum output rose to 98% of the expected 
value. 

The theoretical response of the filter was computed 
aforehand using the LISA 360A linear systems analysis com- 
puter program. The results appear with the experimental 
data in tabular form in Table I, and in graphical form in 
Figs. 3.13-3.16. Complete measurements were made only for 


conditions (2) and (3) as defined in the preceding paragraph. 


68 





TABLE I 


FILTER FREQUENCY RESPONSE 


Expected Results Experimental Results 
reg (BZ) (LISA) (C,=C,=0) (C,=0, C,=33 pF) 
Vo (mV) Lap s (my) Lap po (mV) Lan 
500 3.94 48.1 Beg 290590159 83 48.3 
510 opo 45.7 5205 45.9 4.95 46.1 
320 GEO 43.1 6.78 43.4 6.75 43.4 
530 9.44 40.5 2225 20-4. 3*9. 14 40.8 
540 SO Se 1925 ESP 2,6 385.0 
550 oe I 34.8 vie OL 17.6 Sa 
560 23,8 DIIS D 2 32.0.,25,0 SO 
570 30b 2 OE DON 9 2590995. 4 2:9: 
580 45.4 AI 54.7 AL p En 
S sho Sue 2 SR Du SO > 21.4 
600 141 FEO er 7.3 ul 1275 
QUO 102 Qe A LA 77 1,580 
610 2 38 12 5 236 TER o I je 
615 314 TEE 205 ESOS a 
620 415 os 398 320075398 8.00 
625 543 DES DIO 55M. 1523 Dno 
630 690 sr 659 362 659 3.62 
635 828 1208 ae ASS O ONE 
640 526 0.70 865 ie Oo 112 
645 978 000 915 0277 3240 0.54 
650 249171 0 05 942 0852 S96 Uo» 
655 1002 DO gs 0.44 968 0.28 
660 1002 0.00 958 RR UR 025 
665 1002 DADO 960 0.35 974 023 
670 1002 0.00 963 032322976 Oia 28. 
675 1002 0.00 964 UPS 2 977 020 
680 1002 0.00 SED DEI 978 0.19 
685 1002 OOO 966 Dre DG DIES 
690 OO 0.00 967 DUO S 0.18 
695 1002 0.00 968 Um» 50 297.8 0.18 
700 1002 0.00 968 07288297785 0218 
705 1002 0.00 968 0287 59775 DES 
710 1002 0.00 968 On Zam 978 0.18 
715 1002 0.00 968 0:298 97S 0. 18 
720 1002 0.00 967 DEO O 0.18 
725 1002 0.00 966 0:530 5979 0.8 
730 1002 C200 965 Dia 979 Ones 


69 





TABLE I--Continued 


Expected Results Experimental Results 


Freq (Hz) (LISA) (C=C, =0) (C,=0, C,=33 pF) 
Vo (mV) Lan Yo (my) Lan ie (mV) Lan 
735 1002 0.00 963 023255978 0.19 
740 1002 (EDO 958 VS DU 
735 993 0.08 943 Der 028 
750 975 05925 910 DT Ud 
755 Be 0.60 855 1.36 890 oM 
760 873 12» 788 220 705002: 120 
765 783 E 703 SIG RS DENIS 
770 678 Ere 605 4.36 638 3.90 
US DE 4.90 503 So eS 52610) 
780 474 693 418 So EET 7.09 
nos 390 8.20 339 9.40 360 8.87 
790 322 9.87 279 JN TOSS 
795 207 1 ES Dow 12 eee 7 jc 
500 222 ae. a A DO IC 
810 753 IE 140 IU E ats 10.0 
820 116 18.8 104 10 OS joue 
830 86.9 20 1328 22.1 83.2 AS 
840 66.8 23S 60.3 DEM 5.4 2I 
850 524 25.6 2 587 200 2 49. 7 DOE 
860 ae 27 98 2970 ASI ESOO 2d 
870 33.9 29.4 Sue BURROS 29.9 
880 27.9 Sele 26.0 Cte 6 22 316 
890 2922 | Zu DOSE dq 9 EXE D 
900 795 S 18.3 Se o le, 
910 16.6 DO PS A 5-6 36.2 
920 RAR 3780 oe SES 4 37.5 
930 Do 3999 TERIS S pomo. 11.6 337 
9 40 10.6 39.5 9.95 dO Os t 39.9 
950 9.30 dm ORE 21:2 559283 A 
960 8.19 A 7280 dO 2 7:77 25 
9 70 725 Eso e 6.82 A MEO Od 4399 
980 Odd d MES 6.07 12 6. 12 qae 
990 51207: 44.8 Ss ASSES 9 AS 
1000 Sale qo 4.88 A OO qo» 
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IV: CONCLUS TONS 


Theory predicts that high-quality single grounded induc- 
tors and inductive pi networks can be produced using the 
paerdan gyrator circeuits, and that anductorless filters 
constructed with these circuits should have sensitivities 
comparable to normal LC filters. Experimentation such as 
that done by Orchard and Sheahan [5] and that which was per- 
formed in this thesis has indeed validated these theories. 

Hence, filter circuits: when pcccatum 
inductance may be produced using the Riordan gyrator to 
simulate these inductances with a considerable savings in 
Sica Size and improvement a O-factor. The RLordan avra- 
tors constructed for this thesis were made using off-the-shelf 
Operational amplifiers and discrete resistors and capacitors, 
however the Riordan circuit could easily be totally integrated, 
provided the inductance-forming capacitor were not too large. 
In the latter case, an external capacitor could be used. 

Because the size of physical inductors used in higher 
frequency applications becomes relatively small, for economic 
reasons then the gyrator's effectiveness for inductance simu- 
lation is probably limited to frequencies below about 100 kHz, 
with the greatest advantage being realized at very low fre- 
quencies. There may be a possible advantage in using 


gyrator-simulated inductances at high frequencies, though, 
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in that unlike a physical inductor, there is no electro- 

magnetic field associated with one produced by a gyrator. 
Finally, because the Riordan gyrator Circuits may be 

used only to simulate either a grounded inductor or a pi 

network of inductors, their use is restricted to highpass 

and bandpass filter circuits. The problem of simulating 

a Single high-quality floating inductor is as yet unresolved, 

and therefore the construction of an inductorless lowpass 

filter circuit uSing the gyrator is a problem for future 


study. 
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